In this paper, a simple transmission line model for an edge-coupled patch antenna is presented. The coupled section is modeled with a lump network which represents the mutual admittance between patches and from patch to ground. Theoretical analysis of two edge-coupled patch antenna models are compared by simulation and experiment in antennas designed to operate at the 2 GHz band. The proposed model predicts the return loss of the antenna accurately.
I. Introduction
As broadband wireless communications are becoming more important in daily life, each subsystem in a wireless transceiver supporting such applications must be able to support enough information bandwidth [1] . Fundamentally, this is achieved simply with wideband design.
Wideband antenna is one of the key subsystems for achieving a broadband wireless transceiver. In the past, the patch antenna gained a great deal of interest due to its low profile and light weight [2] . Basically a patch and a ground forming a patch antenna create a microwave cavity which can resonate at many frequencies. However, the patch usually operates around one resonance frequency of narrow bandwidth. Numerous studies have proposed ways to enhance patch antenna bandwidth and reduce antenna size by, for example, composing an impedance matching network with the antenna's structure through stacked geometry [3] , employing coplanar geometry with a tuning stub [4] , forming additional resonators with slots [5] , designing an antenna with a thick substrate [6] , and applying edge-coupled antenna topology (parallel [7] or serrate coupling [8] ). Among these, edge-coupled patch antennas employing parallel and serrate coupling are of interest to us because of their compact design, wideband operation, and simple integration.
For the first time, this paper presents an edge-coupled patch antenna with a simple transmission line model. Developing this model will facilitate the design process. The transmission line model proposed is based on the transmission line model for a shorted patch antenna. Section II details the complete transmission line model of the coupled patch antenna. In section III, we compare the results from the theoretical analysis based on the transmission line model are with the electromagnetic (EM) simulation results and the measured results. Finally, the paper Transmission Line Model for an Edge-Coupled Patch Antenna Wiset Saksiri, Mitchai Chongcheawchamnan, and Monai Krairiksh 
II. Transmission Line Model
Currently, there are two edge-coupled patch antenna topologies: parallel-coupled or serrate-coupled. We use the structure of a serrate-coupled patch antenna as an example since this structure is more common than that of a parallel-coupled patch. Typically, an edge-coupled patch antenna comprises a main patch and a coupled patch. The two patches are separated by a gap of distance s. There are two shorting pins located between the main and coupled patches which are laminated on the substrate of thickness h. The shorting pins and a feed probe are located in the middle of the patches. As in the short patch antenna design [9] , the use of a shorting pin with each patch makes it possible to miniaturize the patch size, and a signal is applied through a feed coaxial probe at the main patch. Fundamentally, an edge-coupled patch antenna has two frequency resonances controlled by the patch dimensions, shorting pins, and feed parameters.
Mutual coupling between two patches draws or separates these two resonances, and this, in turn, modifies the antenna impedance bandwidth. Choosing the serrate-coupled section provides more degrees of freedom in adjusting the impedance bandwidth of the antenna [8] . In Fig. 1(c) , all serrate elements have uniform shapes. The serrate depth and number are denoted by d and N, respectively.
Antenna Model and Input Impedance
To calculate the input impedance characteristic of an edge- 
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where Y L and Y R are the driving-point admittances defined in Fig. 2 . We can determine Y L from ( ) ( )
where
For Y R shown in Fig. 2 , we obtain
where Y a is given by
and
Note that the inductance of the feed probe or shorting pin in (1), (3), and (6) can be calculated by [10] The slot admittance Y s i is composed of the conductance and susceptance, which are related to the power radiated from the slot and the stored energy:
The conductance of the radiating slot (either main or coupled patch) at the operating wavelength is applied [11] 
where k 0 is the free-space wave number, i l Δ is the excess length, and Si(ω) is the sine integral function. The radiating slot suseptance (B s i ) is given by
Kirschning proposed an expression for the excess length i l Δ derived from field-theoretical data applying a curve fitting procedure:
, where 1 3 4 , , ξ ξ ξ , and 5 ξ are defined in [12] .
Normally, the patch width is larger than the substrate thickness, that is, 1 W h ≥ . The characteristic admittances of the main and coupled patches can be computed by , 0
where R 13 , R 14 , and R 17 are given as in [13] . The characteristic impedance of the line at zero frequency is given by
where the effective dielectric constant at zero frequency (13) can be found easily in various textbooks. Accurate equations for calculating characteristic impedance can be commonly found. However, for an air substrate, Hammerstad proposed the following revised formulas for high accuracy characteristic impedance:
where ( ) 
Model for Coupled Section
A model for a coupled section in either parallel or serrate form is presented in Fig. 3 . The model consists of two shunt admittances ( , ) ,
representing the distributed fields beneath main and coupled patches, and a series admittance (Y CC ), describing the field coupling between the patches. These parameters are related to the following two-port Y-parameters:
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where Y 0 is the normalized admittance. Since there is no accurate closed form equation for characterizing the coupled section, we resort to the simulated results to evaluate the model elements of the coupled section.
III. Results and Discussion
Validation of our analysis is demonstrated and discussed in this section. Two edge-coupled antennas, one with parallelcoupled patches and the other with serrate-coupled patches, are our study examples. The parallel-coupled design presented in [7] was selected, whereas the serrate-coupled patch antenna was newly designed. The measured return losses of these antennas are compared with the EM simulated and computed 1. Parallel-Coupled Design Table 1 shows the antenna parameters given in [7] . Figure 4 compares the return loss results predicted for the proposed model with the EM simulated and measured results. The transmission line model predicts two resonant frequencies at 1.8 GHz and 2.05 GHz, which are rather close to the resonant frequencies obtained from the EM simulation and measurement.
2. Serrate-Coupled Design Figure 5 shows a photograph of the serrate-coupled patch antenna whose parameters are summarized in Table 1 . Note that the ground plane size is intentionally large for good radiation performance.
The size of the antenna, including the ground plane, is around 4.5 cm × 9 cm. Figure 6 shows the return loss result predicted from the model compared with the EM and measured results. The transmission line model can predict two resonant frequencies that are rather close to those of the measured results. The difference in magnitude response obtained from the model and measurement may be due to the radiation of the side slot being neglected and mutual interaction between slots in the same patch and different patches. Figure 7 shows the simulated and measured radiation patterns at 1.78 GHz and 2.15 GHz. The measured antenna gains at 1.78 GHz and 2.15 GHz are 7.5 dBi and 7 dBi, respectively, as shown in Fig. 8 .
IV. Conclusion
For the first time, a transmission-line model for an edgecoupled patch antenna has been demonstrated. The patches function as frequency resonators which are coupled with a mutual admittance. With this coupling mechanism, the bandwidth of the edge-coupled patch antenna can be larger than that of a single shorted patch antenna if an appropriate coupling is chosen. A serrate-coupled patch antenna is one solution which has a greater degree of freedom to achieve a wide bandwidth antenna. The accuracy of the model can be further enhanced if mutual interaction of slots in the same patch and different patches is included.
